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Structure: The Fels Longitudinal Study
Roy T. Sabo1*, Miao-Shan Yen1, Stephen Daniels2, Shumei S. Sun1
1 Department of Biostatistics, School of Medicine, Virginia Commonwealth University, Richmond, Virginia, United States of America, 2 Department of Pediatrics, School of
Medicine, University of Colorado, Aurora, Colorado, United States of America

Abstract
Objectives: To determine whether childhood body size, composition and blood pressure are associated with adult cardiac
structure by estimating childhood ‘‘age of divergence.’’
Methods: 385 female and 312 male participants in the Fels Longitudinal Study had echocardiographic measurements of left
ventricular mass, relative wall thickness, and interventricular septal thickness. Also available were anthropometric
measurements of body mass index, waist circumference, percentage body fat, fat free mass, total body fat, and systolic and
diastolic blood pressures, taken in both childhood and adulthood. The age of divergence is estimated as the lowest age at
which childhood measurements are significantly different between patients with low and high measurements of adult
cardiac structure.
Results: Childhood body mass index is significantly associated with adult left ventricular mass (indexed by height) in men
and women (ages of divergence: 7.5 years and 11.5 years, respectively), and with adult interventricular septal thickness in
boys (age of divergence: 9 years). Childhood waist circumference indexed by height is associated with left ventricular mass
(indexed by height) in boys (age of divergence: 8 years). Cardiac structure was in general not associated with childhood
body composition and blood pressure.
Conclusions: Though results are affected by adult body size, composition and blood pressure, some aspects of adult cardiac
structure may have their genesis in childhood body size.
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suggest corrective interventions that can be implemented in early
childhood or adolescence. While some studies have linked
childhood body size measurements with certain cardiovascular
outcomes (such as mortality and hypertension), [20,21] fewer
studies have focused on associations between childhood body size
and adulthood cardiac structure. Notably, as part of the Bogalusa
Heart Study (BHS), Toprak et al. found that childhood body mass
index (BMI) was a significant factor in determining eccentric left
ventricular hypertrophy in adulthood. [22] Urbina et al. – also
from the BHS – similarly found associations between childhood
body size and LVMI in young adults. [23]
In this manuscript we focus on associations between childhood
body size, composition and blood pressure with adult cardiac
structure. Using longitudinal data from the Fels Longitudinal
Study, we estimate ‘‘ages of divergence’’ in childhood growth
trends of BMI, waist circumference (WC), percentage body fat
(%BF), fat free mass (FFM), total body fat (TBF), systolic (SBP) and
diastolic (DBP) blood pressure, based on adult measures of LVMI,
RTW, and interventricular septal wall thickness (IVST). We define

Introduction
A recent review of echocardiographic studies shows that the
incidence of left ventricular hypertrophy (LVH) remains high in
most races and both genders despite advances in hypertension
management over the past two decades.[1] This high LVH
incidence has coincided with an increase in the prevalence of
childhood obesity over the previous three decades in the United
States,[2] across all gender, race and socioeconomic groups.[3]
Several studies have found associations between obesity,[4–10]
body size,[11–13] adiposity[14,15], and blood pressure[10,16,17]
and left ventricular mass (LVM), mass index (LVMI), or
hypertrophy (LVH), while others have linked obesity and adiposity
to relative wall thickness (RWT)[18] and other measures of cardiac
structure.[14,15] LVM has also been shown to independently
predict the incidence of several clinical events – including fatality –
attributable to cardiovascular disease.[19]
The ability to predict cardiac structure in adults by measuring
body size, composition and blood pressure in childhood is of
clinical and public health importance, as such predictions might
PLOS ONE | www.plosone.org
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Sample sizes (N), means, SDs, 95% CIs (minimum and maximum provided for Adult Age) for adulthood cardiac structure, body size and composition, and lifestyle measurements. Cardiac Structure includes LVMI, RWT, and IVST
(both systolic and diastolic). Body size, composition and blood pressure measurements include BMI, WCHt, %BF, FFM, TBF, SBP and DBP. Lifestyle measurements include ALC, SMK and PA.
SD: standard deviation.
Min, Max: Minimum and Maximum.
CI: Confidence Interval.
LVMI: Left-ventricular mass index, g/m2.7.
RWT: Relative wall thickness, cm.
IVSTs: interventricular septum thickness – systolic, cm.
IVSTd: interventricular septum thickness – diastolic, cm.
BMI: Body mass index, kg/m2.
WCHt: Waist circumference divided by height, %.
%BF: Percentage body fat, %.
FFM: Fat-free mass, kg.
TBF: Total body fat, kg.
ALC: Number of servings of alcohol consumed per day.
SMK: Number of cigarettes smoked per day.
PA: Physical activity index (scale 1–5).
doi:10.1371/journal.pone.0106333.t001
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Table 1. Data Summary of FLS Participant Measurements.
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Table 2. Distribution of Number of Childhood Measurements.

Males
Measure

# of Subjects

Average # of Measurements

SD

Min

Max

BMI

305

19.9

9.98

1

33

WCHt

229

11.9

6.60

1

26

%BF

177

5.0

2.88

1

11

FFM

149

5.0

2.84

1

12

TBF

149

5.0

2.86

1

12

SBP

304

12.6

6.34

1

27

DBP

200

5.6

3.73

1

15

Females
Measure

# of Subjects

Average # of Measurements

SD

Min

Max

BMI

335

19.3

10.17

1

33

WCHt

251

11.0

7.20

1

27

%BF

181

4.7

2.88

1

11

FFM

140

4.9

2.97

1

11

TBF

140

4.9

2.97

1

11

SBP

332

12.0

6.09

1

24

DBP

193

4.9

3.49

1

16

Number of subjects with at least one childhood measurement for each of body size (BMI, WCHt), body composition (%BF, FFM, TBF), and blood pressure (SBP, DBP) for
each gender. Average number of childhood measurements per participant, standard deviation (SD) and minimum (Min) and maximum (Max) are also reported.
doi:10.1371/journal.pone.0106333.t002

had type 2 diabetes mellitus (with fasting glucose exceeding 125
mg/dL); six men and two women were treated with insulin; three
men and one woman had chronic obstructive pulmonary disease;
16 men and 18 women had been prescribed antihypertensive
medication; and no participants had known congenital heart
disease. These participants and their measurements were not
removed from the study sample.
The FLS has enrolled participants continuously since 1929.
Participants are generally enrolled at birth and are not selected in
regard to factors known to be associated with disease, body
composition or other clinical conditions. FLS subjects are
examined semi-annually until 18 years of age, and biennially
thereafter. Two textbooks contain more detailed information on
the FLS beyond the sub-sample covered here. [24,25]

age of divergence as the age at which the difference in a particular
childhood body size, composition or blood pressure measurement
(between participants with low and high adult cardiac structure
values) becomes significant and generally remains significant
throughout the remainder of the growth trajectory [21]. For our
purposes, we define high and low as the third and first quartiles,
respectively, of the adult echocardiographic measurement in
question. We also adjust (in separate analyses) for adult body size,
composition and blood pressure, as well adult lifestyle measurements, such as alcohol use, smoking status, and level of physical
activity.

Methods and Procedures
Ethics Statement
All participants provided written informed consent to participate in this study, and all procedures were approved by the
Institutional Review Boards at Wright State University and
Virginia Commonwealth University.

Measurements
The echocardiographic measurements were performed by a
certified sonographer under the supervision of Dr. Stephen
Daniels, using an ATL Philips Medical System HDI 5000
ultrasound imaging system. Two-dimensional and two-dimensional directed M-mode echocardiographic images were recorded, and
measurements were made on three or more cardiac cycles
according to the recommendations of the American Society of
Echocardiography (ASE). [26] Left ventricular mass was calculated using the ASE formula: LVM = 0.8(1.04 ([LVIDd+PWTd+
IVSTd]3-[LVIDd]3))+0.6 g, where LVIDd is left ventricular
internal dimension at end diastole, PWTd is posterior wall
thickness at end diastole, and IVSTd is interventricular septal
wall thickness at end diastole. Relative wall thickness was
calculated as: RWT = 2(PWTd)/(LVIDd). Interventricular septal
wall thickness at systole (IVSTs) was also recorded. Since LVM is
height-dependent, we divided LVM by height raised to the 2.7
power (LVMI) as previously suggested. [26,27]

Participants
This study examined a non-random subsample of EuropeanAmerican male and female participants of the Fels Longitudinal
Study (FLS) who were selected to undergo a echocardiographic
examination. All FLS participants who were at least 20 years old
and – for females – were not pregnant were approached during
their routine FLS visits between 12/1/1999 and the end of data
collection on 6/30/2009 to participate. Out of a total of 1,215
active FLS participants, 471 females and 405 males agreed to
undergo echocardiographic measurement. Among those, 385
females and 312 males were greater than 20 years of age. Among
those participants meeting the selection criteria: seven men and
seven women had been diagnosed with cardiovascular disease
(including stroke and heart attack); seven men and three women
PLOS ONE | www.plosone.org
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for this model are one of the seven repeated-measure childhood
body size or composition measurements (BMI, WCHt, %BF,
FFM, TBF, SBP and DBP). Fixed effects for this model include
childhood age (rounded to the nearest half year – as per the study
design – and categorized), one of the four continuous adult cardiac
structure measurements (LVMI, RTW, IVSTs and IVSTd), and
an interaction between the two. Note that particular cardiac
structure measurements for participants (159 males and 186
females) with more than one echocardiographic visit were
averaged into one representative value. A participant-level
random effect was included to account for within-participant
dependence, which was modeled using a first-order autoregressive
structure. This model allowed for testing of ages of divergence of
mean childhood body size, composition and blood pressure
growth profiles based on ‘‘high’’ and ‘‘low’’ values of adult cardiac
structure [21], where the body size, body composition and blood
pressure means predicted at the first and third quartile of the adult
cardiac structure level were compared at each age (from age 2 to
18 at 0.5-year increments). First and third quartiles of adult
cardiac structure were used to represent healthy (low) and
unhealthy (high) values, respectively, without being too extreme.
To account for multiple comparisons (there are at most 33 such
comparisons and as few as 8, since not all body size and
composition measures are obtained at each age in all participants),
the overall significance level of 0.05 was adjusted using the stepdown approach to the Bonferroni correction. [41] Models were
analyzed separately for each gender since boys and girls have
different growth patterns. Comparisons were made in an
unadjusted manner (as stated above), and are also made adjusting
for three lifestyle measurements (PA, SMK, ALC), and were then
adjusted for the adult body size, composition or blood pressure
measurement in question. These adjustments were made to the
linear mixed-effects model described above by including these
adult body size, composition, blood pressure and lifestyle
measurements as fixed effects. A sensitivity analysis excluding
measurements taken in participants over 65 years was also
conducted (though results are not reported). Inquiries on the data
used in these analyses can be made to the corresponding author.

Anthropometric body size measurements were taken following
recommendations in the Anthropometric Standardization Reference Manual. [28] Weight was measured to 0.1 kg using a SECA
scale. Height was measured to 0.1 cm using a Holtain stadiometer.
BMI was then calculated as the ratio of weight to height (in meters)
squared (kg/m2). WC was measured at the level of the highest
point on the right iliac crest in a plane parallel with the floor. Since
WC is dependent upon height, [29] we indexed WC by dividing
by height (WCHt). All measurements were taken twice, and a third
measurement was taken if the difference between the first two
exceeds an established tolerance (0.3 kg for weight, 0.5 cm for
height, and 0.1 cm for waist circumference), and the average
values were used for analysis.
Body composition measurements of FFM and TBF were made
by a Lunar LPX and a DXA Hologic QDR 4500 Elite
densitometer (Hologic, Waltham, MA). The coefficient of variation (CV) is 3.5% for soft tissue. Our DXA procedures have been
compared and calibrated with those of underwater weighing (uww)
[30], which is important in this study as body composition
measurements for some older participants were taken using uww.
To obtain consist body composition measurements across all
participants, the following conversion equations were used:
TBFuww = 2.1582+(1.1533xTBFdxa);
FFMuww = 1.8449+
(0.9329xFFMdxa); %BFuww = 2.0337+(1.1285x%BFdxa). In regard to cross-calibrating the Hologic and Lunar DXA machines,
DXA data were collected from 78 FLS subjects who were scanned
on the same day with both the Hologic 4500 and Lunar LPX
machines. The calibration equations are: Hologic %BF = 5.6397+
0.79086Lunar %BF; R2 = 0.98 and SE = 3.68; Hologic
TBF = 3.0529+0.84396Lunar TBF; R2 = 0.98 and SE = 1.47;
Hologic FFM = 0.7917+1.03496Lunar FFM; R2 = 0.94 and
SE = 4.85. Bioelectrical impedance is proportional to total body
water and to the length of the conductor or stature (stature2/
resistance).
In adults, both SBP and DBP (mmHg) were recorded as the
average of three readings from a mercury sphygmomanometer
with participants in a seated position. Each reading was taken by
rapidly inflating the arm cuff to the maximum level and deflating
at a rate of 2mmHg per second, with 30 seconds between readings.
Blood pressure was measured in children in accordance with the
standards of the second National Heart, Lung, and Blood Institute
Task Force on Blood Pressure Control in Children [31] and the
update of that report by the National High Blood Pressure
Education Program. [32]
Other covariates include self-reported physical activity (PA),
alcohol use (ALC), and smoking status (SMK), as each has been
shown by others to affect various aspects of cardiovascular or
metabolic health. [17,33–39] PA data are collected in the FLS
using the Baecke Questionnaire of Habitual Physical Activity [40]
and are recorded on a Likert scale. SMK is measured as the typical
number of cigarettes smoked per day. ALC is defined as the typical
number of alcoholic beverages consumed per day.

Results
The adult echo-cardiographic measurements, as well as the
adult body size, composition, and blood pressure measures are
summarized in Table 1. Age, LVMI and RWT are similar
between males and females, though the two IVST measures
(systolic and diastolic) are on average smaller in women than in
men. The two body size measurements (BMI and WCHt) are
similar for men and women, while for the body composition
measurements, males on average have lower %BF and TBF, and
have higher FFM than females. As expected, both blood pressures
are greater in males than in females. The three lifestyle
measurements (ALC, SMK and PA) are similar between the
sexes. For the results that follow, the sample size used for each
unadjusted analysis is the minimum of the reported number of
participants providing adult echocardiographic measurements in
Table 1 (312 males, 385 females) and the number of participants
providing at least one childhood measurement in Table 2. The
sample size when adjusting for adult lifestyle measurements is the
minimum of the number of participants with lifestyle measurements reported in Table 1 (ranges of 192–246 for males and 197–
296 for females) and the number of participants with at least one
childhood measurement reported in Table 2. The sample size
when adjusting for adult body size, composition and blood
pressure is the minimum of that reported for adult measurements

Statistical Analyses
All analyses were performed using SAS/STAT software version
9.4 (SAS Institute Inc., Cary, NC, USA), while all figures were
produced using the R computational software (version 2.12.2).
Adult measurements were summarized with means, standard
deviations, and 95% confidence intervals (adult age was also
summarized with minimum and maximum values); note that
childhood measurements were not numerically summarized due to
the large number (33 possible) of measurements taken. A linear
mixed-effect repeated measures ANOVA model was used to
estimate childhood body size growth trajectories. The responses
PLOS ONE | www.plosone.org
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Figure 1. Childhood Body Mass Index Trajectories based upon Adulthood Left Ventricular Mass Index. Figure 1 Legend: Childhood
growth trajectories of body mass index (BMI) are provided for men’s (N = 305; high: 34.92, low: 24.56) and women’s (N = 335; high: 30.70, low: 22.77)
left ventricular mass index (LVMI). Asterisks indicate significant results using Bonferroni-adjusted significance levels with the step-down approach.
doi:10.1371/journal.pone.0106333.g001

than those adults with lower adult LVMI. After adjusting for adult
lifestyle characteristics (Table 3), the age of divergence increases
slightly to 8.0 in males, while the age of divergence for females
remains 11.5. After adjusting for adult BMI (Table 3), no age of
divergence in childhood BMI is detectable.
The growth trajectories for WCHt according to adult LVMI
(Figure 2) become significantly different at age 8 in males and
generally remain significant thereafter (though the differences at
age 16.5 and 17.5 are not significant). There was no significant
divergence in WCHt growth in females based on LVMI.

in Table 1 (ranges of 143–329 for males and 165–411 for females)
and the number of participants reported in Table 2.

Left Ventricular Mass Index
The growth trajectories for BMI according to the first and third
quartiles of adult LVMI become significantly different at age 7.5 in
males (Figure 1A) and at age 11.5 in females (Figure 1B) and
remain significant thereafter. In both males and females,
participants with larger adult LVMI had larger childhood BMI

PLOS ONE | www.plosone.org
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None
None
None

TBF

SBP

DBP

8.0 years

None

None

8.0 years

None

None

None

None

None

None

None

None

None

None

None

None

None

None

11.5 years

11.5 years

None

Adjusted Adult

These estimates are determined from sequential hypothesis tests of predicted childhood body size (BMI, WCHt), body composition (%BF, FFM, TBF) and blood pressure (SBP, DBP) compared at the first and third quartiles of adult
cardiac structure (LVMI, RWT, IVSTs, IVSTd). These estimates are provided unadjusted for any other measurements, adjusted for adult lifestyle (Life) measurements (ALC, SMK and PA), and adjusted for the corresponding adult body
size, body composition, or blood pressure measurement (Life/Adult). ‘‘None’’ implies that no hypotheses were rejected at any childhood age for that adult echocardiographic measurement.
doi:10.1371/journal.pone.0106333.t003

None

None

IVSTd

None

None

IVSTs

FFM

None

9.5 years

IVSTd

8.0 years

9.0 years

IVSTs

RWT

None

RWT

LVMI

7.5 years

LVMI

%BF

WCHt

BMI

Unadjust

Adjusted Life

Adjusted Adult

Unadujst

Adjusted Life

Females

Males

Table 3. Estimated ‘‘Age of Divergence’’ in Childhood Measurements.
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Figure 2. Childhood Waist Circumference Divided by Height Trajectories based upon Adulthood Left Ventricular Mass Index.
Figure 2 Legend: Childhood growth trajectories of waist circumference divided by height (WCHt) are provided for men’s’ (N = 229; high: 34.92, low:
24.56) and women’s (N = 251; high: 30.70, low 22.77) left ventricular mass index (LVMI). Asterisks indicate significant results using Bonferroni-adjusted
significance levels with the step-down approach.
doi:10.1371/journal.pone.0106333.g002

Participants with larger adult LVMI had larger childhood WCHt
than those adults with lower adult LVMI. The age of divergence in
childhood WCHt remained unchanged when adjusting for adult
lifestyle measurements (Table 3), but disappeared when accounting for adult WCHt.
There were no significant differences in the childhood growth
trends based on adult LVMI for the three body composition
measurements (%BF, FFM, TBF) or the two blood pressures (SBP
and DBP). Plots of all growth-trends based on adult LVMI are
provided in Files S1, S2, S3, S4, S5, S6, and S7.

adult IVSTd at age 8, and childhood FFM was significantly higher
in adults with larger IVSTd than in adults with lower IVSTd at
ages 15 and 16. As no significant differences were observed after
these ages, they did not constitute an age of divergence. None of
the body size and composition trends were significantly different in
females based on adult IVSTd level. Plots of all growth-trends
based on adult IVSTs and IVSTd are provided in Files S1, S2, S3,
S4, S5, S6, and S7.

Discussion
Our methodological approach was to treat childhood body size,
composition and blood pressure measurements as the repeated
measure dependent outcome, and to treat adult cardiac structure
as an independent variable. While this approach is the reverse of
what would seem a more natural formulation with the adult
measure as the dependent variable and the childhood measure as
the independent variable, it allowed us to determine associations
between the childhood and adult measures. Particularly, these
results show that certain aspects of cardiac structure in adults are
correlated with childhood body size, with the associations showing
up in some cases before age 10. This seems to imply that some
childhood characteristics – whether through childhood diet,
behavior, activity level, or genetic predisposition – partially
explain adult cardiac health. In boys, having larger BMI or waist
circumference (indexed by height) in childhood is positively
associated with developing abnormal LVMI and IVST in
adulthood, while in girls, having larger BMI in childhood is
positively associated with developing abnormal LVMI in adulthood.
Specifically, we found that certain childhood body size
measurements, such as BMI and WCHt are associated with
certain adulthood cardiac structure measurements. Using the
unique longitudinal data of the Fels Longitudinal Study and its
sub-sample of echocardiographic measurements, we were able to
show that the childhood BMI for adults with high LVMI and

Relative Wall Thickness
The growth trends for childhood body size, body composition
and blood pressure were not significantly different between adults
with high and low RWT in males or females. Plots of all growthtrends based on adult RWT levels are provided in Files S1, S2, S3,
S4, S5, S6, and S7.

Interventricular Septal Wall Thickness
In males, the growth trajectories for childhood BMI were
significantly different according to adult IVSTs from ages 9
through 18 (Figure 3A). Adults with larger adult IVSTs had larger
average childhood BMI than adults with lower IVSTs. These
results were no longer significant when adjusted for adult lifestyle
measurements or adult BMI. Growth trajectories for WCHt were
significantly different at ages 9 and 10 but not thereafter, and thus
do not constitute an age of divergence. None of the childhood
body size, composition or blood pressure trends were significantly
different in females based on adult IVSTs level.
In males, the childhood BMI growth trajectories were
significantly different according to adult IVSTd between ages
9.5 to 18 (Figure 3B), where adults with larger IVSTd had larger
childhood BMI than did adults with lower IVSTd. These
differences were no longer significant when adjusted for adult
lifestyle or adult BMI. Childhood %BF in males was significantly
larger in adults with larger adult IVSTd than in adults with lower
PLOS ONE | www.plosone.org
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Figure 3. Childhood Body Mass Index Trajectories based upon Adulthood Interventricular Septal Thickness – Systolic and –
Diastolic. Figure 3 Legend: Childhood growth trajectories of body mass index (BMI) are provided for men’s interventricular septal thickness – systolic
(N = 305; IVSTs; high: 1.200, low: 0.885) and men’s interventricular septal thickness – diastolic (N = 305; IVSTd; high: 0.915, low 0.700). Asterisks indicate
significant results using Bonferroni-adjusted significance levels with the step-down approach.
doi:10.1371/journal.pone.0106333.g003

IVST becomes significantly different from the childhood BMI for
adults with low LVMI and IVST before puberty in boys. For girls,
the age of BMI divergence occurred later than that of boys for
LVMI, and was non-existent based upon IVST. WCHt also
experienced an early divergence in boys based upon adult LVMI,
but no significant divergence was observed in girls. There were no
significant associations between childhood body size with RWT,

PLOS ONE | www.plosone.org

and in general there were no significant divergences in childhood
body composition or blood pressure based on adult cardiac
structure.
The ages of divergence were mostly independent of adult
lifestyle characteristics (ALC, SMK, and PA), and were no longer
significant once adult body size and/or composition were
accounted for. Similar results were seen in Sabo et al. (2012),
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ic (IVSTd). Asterisks indicate significant results using Bonferroniadjusted significance levels with the step-down approach.
(EPS)

who estimated age of divergences in childhood body size based on
adult blood pressure.[21] While this phenomenon may seem to
suggest that adult obesity or adiposity are more important in the
relationship with cardiac structure than are childhood growth
trends, it must be remembered that both childhood obesity and
adiposity track into adulthood.[42] In addition, two research
teams from the Bogalusa Heart Study also found – using
echocardiographic measurements – that childhood BMI was
positively associated with left ventricular structure, even after
accounting for (young) adult body size.[22,23] Regardless of the
effects of adult body size and composition, it appears that the
genesis of adult cardiac structure may be affected by body size in
childhood, though earlier for boys than for girls.
Several studies have found that high blood pressure is one of the
primary causes of LVH.[16,17,43] Rademacher et al. (2009)
showed that childhood blood pressure and BMI exert independent
influences on further cardiovascular risk, [10] while Malcolm et al.
(1993) and de Simone et al. (1998) showed that the effect of body
size on contemporaneous LVM was independent of both age and
blood pressure. [12,13] Schussheim et al. (2007) showed that
patients with subnormal left ventricular shortening fraction (LVSF)
have significantly higher diastolic blood pressure and greater BMI
than patients matched for age and sex with normal LVSF. [44] de
Simone also found associations between blood pressure and LVSF.
[45] Interestingly, we did not find any associations between
childhood blood pressure and adult cardiac structure. At least with
respect to DBP, this lack of association may be due to the relatively
low number of FLS participants providing measurements.
One limitation of our work is that this FLS subset only contains
measurements on European-American participants. Therefore,
generalizations of these findings to the entire US population or to
other races should be avoided. Note that Toprak et al. did find that
African Americans had a larger incidence of concentric left
ventricular hypertrophy than did European-Americans, [22] but it
is unclear if that implies that there are also racial disparities in the
estimated ages of divergence observed here. The FLS sub-sample
studied here also varied widely in age, from 20 years over 90 years.
Though echocardiographic measurements were taken on these
older individuals, a sensitivity analysis excluding measurements
taken when participants were over 65 years did not change the
result (results not shown). We also did not account for other
measurements (such as diabetes status, HDL cholesterol, triglycerides and urinary albumin-creatinine ratio), though none of these
measurements were significantly associated with adult cardiac
structure in the Bogalusa study [22]. The predominant strength of
this work is the large average number of repeated measurements
per participant, which allowed us to estimate ages of divergence
for each adult cardiac structure measurement based upon
childhood body size, composition and blood pressure. Also unique
was the coupling of adult cardiac structure with serial childhood
measures.

File S2 Childhood growth trajectories of waist circumference divided by height (WCHt) are provided for
men’s and women’s left ventricular mass index (LVMI),
relative wall thickness (RWT), interventricular septum
thickness – systolic (IVSTs), andinterventricular septum
thickness – diastolic (IVSTd). Asterisks indicate significant
results using Bonferroni-adjusted significance levels with the stepdown approach.
(EPS)
File S3 Childhood growth trajectories of percentage
body fat (PBF) are provided for men’s and women’s left
ventricular mass index (LVMI), relative wall thickness
(RWT), interventricular septum thickness – systolic
(IVSTs), andinterventricular septum thickness – diastolic (IVSTd). Asterisks indicate significant results using Bonferroniadjusted significance levels with the step-down approach.
(EPS)

Childhood growth trajectories of fat free mass
(FFM) are provided for men’s and women’s left
ventricular mass index (LVMI), relative wall thickness
(RWT), interventricular septum thickness – systolic
(IVSTs), andinterventricular septum thickness – diastolic (IVSTd). Asterisks indicate significant results using Bonferroniadjusted significance levels with the step-down approach.
(EPS)

File S4

File S5 Childhood growth trajectories of total body fat
(TBF) are provided for men’s and women’s left ventricular mass index (LVMI), relative wall thickness (RWT),
interventricular septum thickness – systolic (IVSTs),
andinterventricular septum thickness – diastolic
(IVSTd). Asterisks indicate significant results using Bonferroniadjusted significance levels with the step-down approach.
(EPS)
File S6 Childhood growth trajectories of systolic blood
pressure (SBP) are provided for men’s and women’s left
ventricular mass index (LVMI), relative wall thickness
(RWT), interventricular septum thickness – systolic
(IVSTs), andinterventricular septum thickness – diastolic (IVSTd). Asterisks indicate significant results using Bonferroniadjusted significance levels with the step-down approach.
(EPS)
File S7 Childhood growth trajectories of diastolic blood
pressure (DBP) are provided for men’s and women’s left
ventricular mass index (LVMI), relative wall thickness
(RWT), interventricular septum thickness – systolic
(IVSTs), andinterventricular septum thickness – diastolic (IVSTd). Asterisks indicate significant results using Bonferroniadjusted significance levels with the step-down approach.
(EPS)

Supporting Information
File S1 Childhood growth trajectories of body mass
index (BMI) are provided for men’s and women’s left
ventricular mass index (LVMI), relative wall thickness
(RWT), interventricular septum thickness – systolic
(IVSTs), andinterventricular septum thickness – diastol-

Author Contributions
Conceived and designed the experiments: SD SSS. Analyzed the data:
RTS M-SY. Wrote the paper: RTS M-SY SD SSS.

References
2. Singh G, Kogan M, Yu S (2009) Disparities in Obesity and Overweight
Prevalence Among US Immigrant Children and Adolescents by Generational
Status. Journal of Community Health 34: 271–281.

1. Cuspidi C, Sala C, Negri F, Mancia G, Morganti A (2012) Prevalence of leftvetnricular hypertrophy in hypertension: an updated review of echocardiographic studies. Journal of Human Hypertension 26: 343–349.

PLOS ONE | www.plosone.org

9

September 2014 | Volume 9 | Issue 9 | e106333

Childhood Body Size and Adult Cardiac Structure

3. (2007) Health, United States, 2007 with Chartbook on trends in the health of
Americans. Hyattsville, MD: US Department of Health and Human Sercies.
4. Chobanian A, Bakris G, Black H, Cushman W, Green L, et al. (2003) The
Seventh Report of the Joint National Committee on Prevention, Detection,
Evaluation, and Treatment of High Blood Pressure: the JNC 7 report. Journal of
the American Medical Association 289: 2560–2572.
5. Coca A, Gabriel R, Figuera Mdl, Lopez-Sendon J, Fernandez R, et al. (1999)
The impact of different echocardiographic diagnostic criteria on the prevalence
of left ventricular hypertrophy in essential hypertension: the VITAE study.
Journal of Hypertension 17: 1471–1480.
6. Gottdiener J, Reda D, Materson B, Massie B, Notargiacomo A, et al. (1994)
Importance of obesity, race and age to the cardiac structural and functional
effects of hypertension. The Department of Veterans Affairs Cooperative Study
Group on Antihypertensive Agents. Journal of the American College of
Cardiology 24: 1492–1498.
7. Lauer M, Anderson K, Kannel W, Levy D (1991) The impact of obesity on left
ventricular mass and geometry. The Framingham Heart Study. Journal of the
American Medical Association 266: 231–236.
8. Lauer M, Anderson K, Levy D (1992) Separate and joint influences of obesity
and mild hypertension on left ventricular mass and geometry: the Framingham
Heart Study. Journal of the American College of Cardiology 19: 130–134.
9. Powell B, Redfield M, Bybee K, Freeman W, Rihal C (2006) Association of
obesity with left ventricular remodeling and diastolic dysfunction in patients
without coronary artery disease. American Journal of Cardiology 98: 116–120.
10. Rademacher E, Jacobs D, Moran A, Steinberger J, Prineas R, et al. (2009)
Relation of blood pressure and body mass index during childhood to
cardiovascular risk factor levels in young adults. Journal of Hypertension 27:
1766–1774.
11. Daniels S, Morrison J, Sprecher D, Khoury P, Kimball T (1999) Association of
body fat distribution and cardiovascular risk factors in children and adolescents.
Circulation 99: 541–545.
12. Malcolm D, Burns T, Mahoney L, Lauer R (1993) Factors affecting left
ventricular mass in childhood: the Muscatine Study. Pediatrics 92: 703–709.
13. Simone Gd, Devereux R, Kimball T, Mureddu G, Roman M, et al. (1998)
Interaction between body size and cardiac workload: influence on left ventricular
mass during body growth and adulthood. Hypertension 31: 1077–1082.
14. Abel E, Litwin S, Sweeney G (2008) Cardiac remodeling in obesity.
Physiological Reviews 88: 389–419.
15. Lieb W, Xanthakis M, Sullivan L, Aragan J, Pencina J, et al. (2009) Longitudinal
tracking of left ventricular mass over the life course: Clinical correlates of shortand long-term change in the Framingham Offspring Study. Circulation 119:
3085–3092.
16. Frohlich E (2009) The most common cause of hospitalization in Medicare
patients in the United States is cardiac failure and, perhaps, the earliest
involvement of the heart in hypertension and is that of left ventricular
hypertrophy (LVH). Preface. Medical Clinics of North America 93: xv–xx.
17. Heckbert S, Post W, Pearson G, Arnett D, Gomes A, et al. (2006) Traditional
cardiovascular risk factors in relation to left ventricular mass, volume, and
systolic function by cardiac magnetic resonance imaging: the Multiethnic Study
of Atherosclerosis. Journal of the American College of Cardiology 48: 2285–
2295.
18. Amin R, Kimball T, Bean J, Jeffries J, Willging J, et al. (2002) Left ventricular
hypertrophy and abnormal ventricular geometry in children and adolescents
with obstructive sleep apnea. American Journal of Respiratory and Critical Care
Medicine 165: 1395–1399.
19. Levy D, Garrison R, Savage D, Kannel W, Castelli W (1990) Prognostic
implications of echocardiographically determined left ventricular mass in the
Framingham Heart Study. New England Journal of Medicine 322: 1561–1566.
20. Must A, Jacques P, Dallal G, Bajema C, Dietz W (1992) Long term morbidity
and mortality of overweight adolescents: a follow-up of the Harvard Growth
Study of 1922 to 1935. New England Journal of Medicine 327: 1350–1355.
21. Sabo R, Lu Z, Daniels S, Sun S (2012) Serial childhood body mass index and
associations with adult hypertension and obesity: the Fels Longitudinal Study.
Obesity 20: 1741–1743.
22. Toprak A, Wang H, Chen W, Paul T, Srinivasan S, et al. (2008) Relation of
childhood risk factors to left ventricular hypertrophy (eccentric or concentric) in
relatively young adulthood (from the Bogalusa Heart Study). The American
Journal of Cardiology 101: 1621–1625.
23. Urbina E, Gidding S, Bao W, Pickoff A, Berdusis K, et al. (1995) Effect of Body
Size, Ponderosity, and Blood Pressure on Left Ventricular Growth in Children
and Young Adults in the Bogalusa Heart Study. Circulation 91: 2400-2406.

PLOS ONE | www.plosone.org

24. Roche A, Sun S (2003) Human Growth: Assessment and Interpretation.
Cambridge, United Kingdom: Cambridge University Press.
25. Roche A (1992) Growth, Maturation and Body Composition: the Fels
Longitudinal Study 1929–1991. Cambridge: Cambridge University Press.
26. Lang R, Bierig M, Devereux R, Flachskampf F, Foster E, et al. (2005)
Recommendations for chamber quantification: a report from the American
Society of Echocardiography’s Guidelines and Standards Committee and the
Chamber Quantification Writing Group, developed in conjunction with the
European Association of Echocardiography, a branch of the European Society
of Cardiology. Journal of the American Society of Echocardiography 18: 1440–
1463.
27. Daniels S, Meyer R, Liang Y, Bove K (1988) Echocardiographically determined
left ventricular mass index in normal children, adolescents and young adults.
Journal of the American College of Cardiology 12: 703–708.
28. Lohman G, Roche A, Martorell R (1988) Anthropometric Standardization
Reference Manual. Human Kinetics. Champaign, IL.
29. Sabo R, Ren C, Sun S (2012) Comparing height-adjusted waist circumference
indices: the Fels Longitudinal Study. Open Journal of Endocrine and Metabolic
Diseases 2: 40–48.
30. Guo SS, Chumlea WC, Roche AF, Siervogel RM (1997) Age- and maturityrelated changes in body composition during adolescence into adulthood: the Fels
Longitudinal Study. Int J Obes Relat Metab Disord 21: 1167–1175.
31. Task Force on Blood Pressure Control in Children. National Heart L, and Blood
Institute, Bethesda, Maryland (1987) Report of the Second Task Force on Blood
Pressure Control in Children — 1987. Pediatrics 79: 1–25.
32. Adolescents. NHBPEPWGoHCiCa (1996) Update on the 1987 Task Force
Report on HIgh Blood Pressure in Children and Adolescents: a working group
report from teh National High Blood Pressure Education Program. Pediatrics
98: 649–658.
33. Ford E, Giles W, Dietz W (2002) Prevalence of the metabolic syndrome among
US adults: findings from the third National Health and Nutrition Examination
Survey. Journal of the American Medical Association 287: 356–359.
34. Guo S, Chumlea W, Cockram D (1996) Use of statistical methods to estimate
body composition. American Journal of Clinical Nutrition 64: S428–S435.
35. Guo S, Chumlea W, Roche A, Siervogel R (1997) Age- and maturity-related
changes in body composition during adolescence into adulthood: The Fels
Longitduinal Study. International Journal of Obesity 21: 1167–1175.
36. Guo S, Zeller C, Chumlea W, Siervogel R (1999) Aging, body composition, and
lifestyle: the Fels Longitudinal study. American Journal of Clinical Nutrition 70:
405–411.
37. Ross R, Janssen I (2001) Physical activity, total and regional obesity: doseresponse considerations. Med Sci Sports Exerc 33: S528–S529.
38. Schubert C, Rogers N, Remsberg K, Sun S, Chumlea W, et al. (2006) Lipids,
lipoproteins, lifestyle, adiposity and fat-free mass during middle age: The Fels
Longitudinal Study. Int J Obes Relat Metab Disord 30: 251–260.
39. Verdecchia P, Schillaci G, Borgioni C, Ciucci A, Gattobigio R, et al. (1996)
Prognostic value of left ventricular mass and geometry in systemic hypertension
with left ventricular hypertrophy. American Journal of Cardiology 78: 197–202.
40. Baecke JA, Burema J, Frijters JE (1982) A short questionnaire for the
measurement of habitual physical activity in epidemiological studies. Am J Clin
Nutr 36: 936–942.
41. Holm S (1979) A simple sequentially rejective multiple test procedure.
Scandinavian Journal of Statistics 6: 65–70.
42. Guo S, Chi E, Wisemandle W, Chumlea W, Roche A, et al. (1998) Serial
changes in blood pressure from childhood into young adulthood for females in
relation to body mass index and maturational age. American Journal of Human
Biology 10: 589–598.
43. McNiece K, Gupta-Malhotra M, Samuels J, Bell C, Garcia K, et al. (2007) Left
ventricular hypertrophy in hypertensive adolescents: Analysis of risk by 2004
national high blood pressure education program working group staging criteria.
Hypertension 50: 392–395.
44. Schussheim A, Devereux R, Simone Gd, Borer J, Herrold E, et al. (1997)
Usefulness of submormal midwall fractional shortening in predicting left
ventricular exercise dysfunction in asymptomatic patients with systemic
hypertension. American Journal of Cardiology 79: 1070–1074.
45. Simone Gd, Greco R, Mureddu G, Romano C, Guida R, et al. (2000) Relation
of left ventricular diastolic properties to systolic function in arterial hypertension.
Circulation 101: 152–157.

10

September 2014 | Volume 9 | Issue 9 | e106333

